Eukaryotic mRNA degradation proceeds through two main pathways, both involving mRNA cap breakdown. In the 3-5 mRNA decay pathway, mRNA body degradation generates free m7GpppN that is hydrolyzed by DcpS generating m7GMP. In the 5-3 pathway, the recently identified human Dcp2 decapping enzyme cleaves the cap of deadenylated mRNAs to produce m7GDP and 5-phosphorylated mRNA. We investigated mRNA decay in human cell extracts by using a new assay for decapping. We observed that 5-phosphorylated intermediates resulting from decapping appear after incubation of a substrate RNA in human cell extracts, indicating the presence of an active 5-3 mRNA decay pathway. Surprisingly, however, the cognate m7GDP product was not detected, whereas abundant amounts of m7GMP were generated. Additional experiments revealed that m7GDP is, unexpectedly, efficiently converted to m7GMP in extracts from various organisms. The factor necessary and sufficient for this reaction was identified as DcpS in both yeast and human. m7GMP is thus a general, pathway-independent, by-product of eukaryotic mRNA decay. m7GDP breakdown should prevent misincorporation of methylated nucleotides in nucleic acids and could generate a unique indicator allowing the cell to monitor mRNA decay. A major step of gene regulation occurs at the level of mRNA turnover (1-3), a process that has been extensively studied in the yeast Saccharomyces cerevisiae. In this organism, degradation of most wild-type mRNAs starts with the removal of the poly(A) tail (deadenylation) (1). A major pathway comprises subsequent hydrolysis of the cap structure by Dcp1͞Dcp2, followed by rapid 5Ј-3Ј exonucleolytic degradation by Xrn1 (5Ј-3Ј mRNA decay pathway) (4). In an alternative, minor, pathway, deadenylation is followed by exosome-dependent 3Ј-5Ј degradation of the mRNA body (3Ј-5Ј pathway) (5). In addition, two specialized surveillance pathways exist. On the one hand, mRNAs containing a premature stop codon are degraded by deadenylation-independent decapping and 5Ј-3Ј decay (nonsense-mediated mRNA decay, NMD) (6). On the other hand, mRNAs lacking a stop codon are degraded by exosomedependent 3Ј-5Ј exonucleolytic trimming (nonstop decay, NSD) (7, 8) . Much less is known about mRNA turnover in other organisms. However, the decay pathways identified in yeast are likely to be conserved, because decay intermediates corresponding to these pathways have been identified in both plant and animal cells (9-12). In addition, homologues to the yeast mRNA decay factors are also found in mammals (13-17).
A major step of gene regulation occurs at the level of mRNA turnover (1-3), a process that has been extensively studied in the yeast Saccharomyces cerevisiae. In this organism, degradation of most wild-type mRNAs starts with the removal of the poly(A) tail (deadenylation) (1) . A major pathway comprises subsequent hydrolysis of the cap structure by Dcp1͞Dcp2, followed by rapid 5Ј-3Ј exonucleolytic degradation by Xrn1 (5Ј-3Ј mRNA decay pathway) (4) . In an alternative, minor, pathway, deadenylation is followed by exosome-dependent 3Ј-5Ј degradation of the mRNA body (3Ј-5Ј pathway) (5) . In addition, two specialized surveillance pathways exist. On the one hand, mRNAs containing a premature stop codon are degraded by deadenylation-independent decapping and 5Ј-3Ј decay (nonsense-mediated mRNA decay, NMD) (6) . On the other hand, mRNAs lacking a stop codon are degraded by exosomedependent 3Ј-5Ј exonucleolytic trimming (nonstop decay, NSD) (7, 8) . Much less is known about mRNA turnover in other organisms. However, the decay pathways identified in yeast are likely to be conserved, because decay intermediates corresponding to these pathways have been identified in both plant and animal cells (9) (10) (11) (12) . In addition, homologues to the yeast mRNA decay factors are also found in mammals (13) (14) (15) (16) (17) .
Eukaryotic mRNAs contain at their 5Ј end a cap structure containing a guanosine methylated at position 7, attached in an inverted manner (5Ј-5Ј) to the first mRNA nucleotide by a triphosphate linkage (18) . This specific feature of eukaryotic mRNAs protects them from 5Ј-3Ј exonucleases and serves as a recognition site for factors involved in pre-mRNA splicing, RNA transport, and translation initiation (19) . Degradation of eukaryotic mRNAs entails the specific removal of the mRNA cap (20) . This process differs in the various decay pathways. A scavenger decapping enzyme, DcpS was shown to hydrolyze the residual m7GpppN cap structure after the complete 3Ј-5Ј degradation of the mRNA by the exosome (21) . DcpS releases m7GMP and is unable to cleave cap structures attached to a long RNA chain. Cleavage of mRNA cap linked to the mRNA body occurs in the 5Ј-3Ј and NMD pathways, removing the mRNA from the translatable pool and creating an entry point for 5Ј-3Ј exonucleases. The yeast Dcp1 protein was long thought to mediate this process, on its activation by Dcp2 (22, 23) . However, human Dcp2 (hDcp2) was recently shown by us and others to catalyze this reaction (24) (25) (26) . We have also shown that yeast Dcp2 is catalytically active, demonstrating that this feature is evolutionarily conserved (24) ; a finding that has been confirmed by others (27) . Our studies demonstrate that hDcp2 cleaves mRNA to generate m7GDP and a 5Ј-phosphorylated RNA (24) . hDcp2 thus clearly differs from DcpS, both by the nature of its products as well as by its substrate requirements; hDcp2 does not act on RNAs shorter than 9 nt (24). Thus, human and other eukaryotic cells contain two different activities responsible for cap breakdown: DcpS, producing m7GMP in the 3Ј-5Ј decay and NSD pathways, and hDcp2, producing m7GDP in the 5Ј-3Ј and NMD pathways.
Assessing the contribution of the various pathways to mRNA degradation in vivo is essential to understand the regulation of this process. Analysis of mutants in various decay factors and identification of in vivo mRNA degradation intermediates indicated that the 5Ј-3Ј pathway predominates in yeast (5, 20, 23) . Analysis of mRNA decay in human cell extracts in vitro revealed high-level formation of m7GMP; m7GDP being conspicuously absent (21) . Taken together with studies on the effect of various mRNA structural modifications on mRNA decay in vitro (21, 28) and immunodepletion experiments (29) , these data have led to the suggestion that the exosome-dependent 3Ј-5Ј decay pathway is more important in mammalian cells. It is noteworthy, however, that specific intermediates of the 5Ј-3Ј pathways were detected in human cells (9) (10) (11) (12) . Thus, the relative contribution of each pathway to in vivo mRNA degradation in human cells remains to be established.
To examine the role of hDcp2 in mRNA degradation, we tested whether hDcp2-mediated decapping activity could be detected in human cell extracts. We used a novel assay to detect the specific downstream product of hDcp2 activity. Surprisingly, however, the second product of decapping, m7GDP, was not observed. We solved this dilemma by demonstrating that m7GDP is efficiently converted to m7GMP in yeast and human cell extracts. Furthermore, we identified DcpS as the enzyme mediating this reaction. Thus, DcpS can act in all known mRNA decay pathways and m7GMP is a general, pathway-independent, by-product of mRNA degradation. This observation indicates that both the 5Ј-3Ј and 3Ј-5Ј pathways are active in human cell extracts and has important consequences for understanding the role and regulation of the various mRNA decay pathways in mRNA turnover.
Materials and Methods
Construction of Plasmids. pBS2312 was used for expression of GST-hDcp2-His-6 (24). The pBS2497 GST-DcpS-His-6 expression plasmid contains the DcpS coding sequence PCR-amplified from an IMAGE cDNA clone of human DcpS cDNA (30) . The PCR product, obtained by using primers OBS590 (5Ј-CGGCACCATGGC GGACGCAGCT-3Ј) containing a NcoI site, and primer OBS591 (5Ј-AAATATCTCGAGTTATTAGT-GATGGTGGTGATGATGGCT T TGCTGAGCCTCCTG-CAAGA-3Ј) containing a His-6 tag sequence and a XhoI site, was digested with NcoI and XhoI and cloned in NcoI͞XhoI-digested pBS2312, thus replacing the hDcp2 ORF. Absence of mutations was verified by sequencing.
To express GST-Dcs1-His-6, the Dcs1 ORF was PCRamplified from yeast genomic DNA (strain FY1679) by using primer OBS466 (5Ј-AGGAACATGTCTC AACTGCCAA-CAGA-3Ј) containing a PciI site, and primer OBS467 (5Ј-T TATACTCGAGT TAT TAT T TA A A ACCGT TCACA A-TCT-3Ј) containing a XhoI site. The PCR product was inserted in NcoI͞XhoI-digested pBS2010 (pET24-His-6-GST-ABD) as a PciI͞XhoI fragment. In the resulting pBS2425, the Dcs1 ORF is downstream of the His-6-GST sequence. A BamHI͞DraI fragment of pBS2425 DNA (starting in the GST sequence and ending just upstream of the Dcs1 stop codon) was cloned in frame with a double-stranded oligonucleotides (OBS567͞568; 5Ј-AAACATCATCACCACCATCACTAATAAC-3Ј͞5Ј-TC-GAGTTATTAGTGATGG TGGTGATGATGTTT-3Ј) containing a His-6 tag sequence, a stop codon, and DraI͞XhoI cohesive ends, in BamHI͞XhoI-digested pBS2312, generating plasmid pBS2499.
In Vitro Decapping Assays. Cap-labeled RNA synthesis, preparation of recombinant proteins, and in vitro decapping reactions were done as described (24) . Reaction products were separated by PEI cellulose TLC. As a developing solution, 0.3 M LiCl͞1 M formic acid was used. To obtain radiolabeled m7GMP, m7GDP, and m7GpppG, cap-labeled RNA was incubated with human cell extract, recombinant hDcp2, and nuclease P1, respectively. The reaction products were separated by TLC and visualized with a PhosporImager. m7GMP, m7GDP, or m7cap spots were scraped off the TLC plate and eluted in decapping buffer (45 mM Tris⅐HCl, pH 8͞27 mM (NH 4 ) 2 SO 4 ͞9 mM MgAc) with constant shaking for 40 min at room temperature. Insoluble TLC material was removed by centrifugation. Product yield was determined by counting. A total of 800 cpm of m7GMP, m7GDP or m7cap were incubated with 50-150 ng of recombinant protein or 7 g of cellular extract for 20-60 min at 37°C in a 10-l reaction volume. Reactions were stopped by phenol-chloroform extraction. Five microliters of such supernatants were analyzed by TLC.
Extract Preparation. Extracts from human HEK293 embryonal kidney cells were prepared by homogenization in DA (Decapping Activity) buffer (20 mM Hepes⅐KOH, pH 7.6͞0.01% Nonidet P-40͞20 mM KCl͞1 mM MgCl 2 ͞10% glycerol͞0.1 mM EDTA͞1 mM DTT), followed by centrifugation. Protein concentration in the supernatant was determined by Bradford assay (Bio-Rad). For heat inactivation, extracts were incubated for 5 min at 95°C.
The yeast strain BY4147 and its deletion derivatives ⌬dcs2 and ⌬dcs1 were purchased from EUROSCARF (Frankfurt, Germany). For yeast extracts, 25-ml cultures were grown to OD 600 ϭ 1, centrifuged at 4,500 ϫ g, and washed with 15 ml of ice-cold water. Pellets were resuspended in 1 ml of DA buffer, centrifuged again, and resuspended in 250 l of DA buffer. Cells were disrupted by vortexing four times for 30 sec with 180-l glass beads at 4°C. After centrifugation (5 min, 4,500 ϫ g, 4°C), the supernatant was taken and recentrifuged (5 min, 20,000 ϫ g, 4°C). Protein concentrations of cleared lysates were measured by Bradford assays.
For Xenopus laevis oocyte extracts, 40 stage-VI oocytes were homogeneized in 100 l of J buffer (10 mM Hepes⅐KOH, pH 7.2͞70 mM KCl͞1 mM MgCl 2 ͞2 mM DTT͞0.1 mM EDTA͞10% glycerol and 0.1 mM PMSF containing 1 g͞ml protease inhibitor mixture; Roche Diagnostics). After centrifugation for 10 min at 15,294 ϫ g at 4°C, the supernatant was used.
RNA Ligation Assay. To detect the downstream product of decapping, 5Ј monophosphate RNA, a 106-nt-long capped RNA was synthesized in vitro by T7 transcription in the presence of cap analog (5Ј-GGGCCAACCGCATCTGCAGCGAGCAACT-GAGA AGCCA AGACTGAGCCGGCGGCCGCGGCGC-AGCGA ACGAGCAGTGACCGTGCTCCTACCCAGCT-CTGCT TCACAG-3Ј). Transcribed RNAs were phenolchloroform extracted, ethanol precipitated, and checked for integrity on agarose gels. One nanogram of RNA was combined with 0.5 g of total RNA from yeast as a carrier and incubated for 1 h at 37°C with 5 units of calf intestinal phosphatase (Biolabs, Northbrook, IL) and 20 units of RNaseOUT (Invitrogen) in a 5-l reaction to remove background 5Ј-phosphorylated RNAs. After phenol-chloroform extraction and precipitation, the RNA was incubated with recombinant hDcp2 or human HEK293 cell extract as a source of decapping activity for 30 min at 37°C (see above). The decapped RNA was phenol-chloroform extracted, ethanol precipitated, and subsequently ligated to a 44-nt-long RNA oligonucleotide (5Ј-CGACUGGAGCAC-GAGGACACUGACAUGGACUGAAGGAGUAGAAA-3Ј) for 1 h at 37°C in a 5-l reaction containing 125 ng of RNA oligonucleotide, 5 units of T4 RNA ligase (Roche Diagnostics), 20 units of RNaseOUT, and the provided reaction buffer. After phenol-chloroform extraction and precipitation, cDNA was generated by reverse transcription using primer OBS388 (5Ј-CTGTGAAGCAGAGCTGGGTAGGA-3Ј) complementary to the 3Ј end of the substrate RNA. Reverse transcription reactions contained 1 mM dNTPs, 100 units of SuperScript II reverse transcriptase (Invitrogen), provided reaction buffer, 10 mM DTT, and 20 units of RNaseOUT in a total volume of 10 l. Reactions were incubated at 42°C for 50 min, heat inactivated at 70°C for 15 min, and treated with 1 unit of RNase H (Invitrogen) at 37°C for 20 min. A PCR was then performed with primer OBS461 (5Ј-CGACTGGAGCACGAGGACACTGA-3Ј) specific for the RNA oligonucleotide and the nested primer OBS484 (5Ј-TGGGTAGGAGCACGGTCACTGCT-3Ј) specific for the substrate RNA (see also Fig. 1A ). PCR products were analyzed by on 3% agarose gels (Nusieve GTG agarose, BMA).
Results

Human HEK293 Cell Extracts Contain hDcp2-Like Decapping Activity.
We recently identified hDcp2 as the human mRNA decapping enzyme that acts on capped mRNA to produce m7GDP and a 5Ј phosphorylated RNA in vitro (24) . To examine the role of hDcp2 in mRNA degradation, we asked whether hDcp2-mediated decapping could be detected in human cellular extracts. Previous studies failed to detect m7GDP formation in human cell extracts (21, 26) . Therefore, we developed an RNA ligation assay to specifically detect the downstream product generated by hDcp2 that we characterized previously (24) , namely 5Ј-phosphorylated RNA (Fig. 1 A) . A 106-nt-long capped in vitro transcribed RNA was used as a substrate for the decapping reactions. Decapped RNAs generated during these reactions were ligated to a synthetic RNA oligonucleotide of 44 nt by using RNA ligase, a reaction requiring the presence of a 5Ј-phosphorylated extremity. cDNAs were synthesized by using a primer complementary to the 3Ј end of the substrate RNA and amplified by PCR using a primer specific for the RNA oligonucleotide and a downstream nested primer complementary to the substrate RNA. The PCR products were visualized by ethidium bromide staining after agarose gel electrophoresis (Fig. 1B) . When recombinant hDcp2 was incubated with the substrate RNA, a product migrating at the expected position for the full-length PCR product (136 nt) was observed (Fig. 1B, lane 1) . No product was observed when heat-inactivated extract was used or when the substrate RNA was omitted, demonstrating the integrity of the starting RNA and the specificity of the PCR reaction (lanes 3 and 4). When the substrate RNA was incubated with human HEK293 extract, a product comigrating with the product observed on incubation with hDcp2 was formed; in addition, faster migrating products were detected (lane 2). To characterize these different species, DNA fragments were gelpurified and cloned. Sequence analysis (data not shown) confirmed that the slowest migrating species contained DNA fragments with the complete sequence of the substrate RNA fused to the RNA oligonucleotide, demonstrating the presence of a bona fide decapping activity in the extracts. The faster migrating fragments lacked increasing parts of the 5Ј end of the substrate RNA. Given the known link between mRNA decapping and 5Ј-3Ј exonucleolytic trimming during mRNA decay (1), this result strongly suggests that these products may represent 5Ј-3Ј degradation intermediates. Although we cannot formally rule out that these shortened products result from endonucleolytic cleavages, we can conclude from the assay that these molecules contain 5Ј phosphorylated extremities and, thus, are not generated by nonspecific RNases generating a 5Ј OH group (31) . Overall, the results described above demonstrated that the 5Ј-3Ј mRNA degradation pathway is active in human cell extracts. Recent experiments have, however, failed to reveal m7GDP production in cellular extracts (21, 26 ). Thus, we tested for the formation of m7GDP after incubation of RNA carrying a single radiolabeled phosphate in the cap structure (m7Gp*ppG with p* representing the radioactive phosphate, see Materials and Methods) in our human HEK293 extracts. Reaction products were resolved by TLC using a system allowing the resolution of the major expected products (24) . Consistent with previous observations (21, 26), m7GDP was not detected (Fig. 1C, lane 3) , whereas abundant amounts of m7GMP and inorganic phosphate were formed. This observation revealed an inconsistency between the two assays for hDcp2-mediated cap cleavage. Because the 5Ј-3Ј pathway might be poorly active in human cell extracts, we tested m7GDP formation in extracts derived from yeast cells where the 5Ј-3Ј pathway is known to be the major mRNA decay route. Intriguingly, m7GDP was also not observed in yeast extracts (Fig. 1C, lane 4) . In this case, low levels of m7GMP were generated together with an unidentified phosphorylated product (thereafter named ''X'') and high amounts of free phosphate. These results suggested that the accumulation of m7GDP might not be a reliable indicator of decapping activity. Together, our data indicate that the 5Ј-3Ј decay pathway is active in HEK293 cellular extracts, whereas the absence of m7GDP was possibly caused by its rapid conversion rather than a lack of its formation.
m7GDP Is Unstable in Human, Yeast, and Xenopus Extracts. To test the fate of m7GDP in extract, we produced a radiolabeled species by hDcp2-mediated decapping of cap-labeled RNA. The m7GDP generated was purified from TLC plates (see Materials and Methods). As controls, m7GpppG and m7GMP, formed by incubation with P1 nuclease or HEK293 cell extracts, respectively, were also purified by using the same strategy. As expected, m7GpppG cap was quantitatively converted to m7GMP in human cell extracts ( Fig. 2A) . In yeast extracts (Fig. 2 A, lane 4) , product X was generated with only traces of m7GMP. More importantly, m7GDP was rapidly and efficiently converted to m7GMP in human cell extracts and product X in yeast cell extracts (Fig. 2B) . This demonstrated that m7GDP is unstable in extracts, being rapidly converted to breakdown products. Incubation of m7GMP in HEK293 cell extracts demonstrated that it was essentially stable with only a fraction being converted to free phosphate (Fig. 2C) . Interestingly, in yeast extracts, m7GMP was converted to species X as well as some free phosphate.
Taken together, these results demonstrate that m7GDP is unstable in extract, being efficiently converted to m7GMP in human and product X in yeast. The stability of m7GMP differs between extracts; it is only slowly hydrolyzed to free phosphate in human cell extracts, whereas it is efficiently converted to the uncharacterized species X and some free phosphate in yeast extracts. Because m7GMP is an obligatory intermediate in the formation of product X (see below), these results indicate that m7GDP is also converted in m7GMP in yeast extract before being further rapidly metabolized in product X. Interestingly, conversion of m7GDP into m7GMP was also observed in Xenopus extracts (Fig. 2B, lane 5) and Drosophila cell extracts (data not shown), demonstrating, in addition, that this is a conserved feature of eukaryotic cells.
Both Yeast and Human DcpS Catalyze the Conversion of m7GDP into
m7GMP. The conversion of m7GDP into m7GMP was reminiscent of DcpS activity, because this enzyme hydrolyzes m7GpppG to m7GMP (21) . Thus, we decided to test whether the yeast DcpS or related proteins are required for this reaction in extracts. Interestingly, yeast cells contain, in addition to the DcpS activity harbored by the Dcs1p protein encoded by the DCS1 gene, a highly similar protein, Dcs2p, encoded by the DCS2 gene. However, no DcpS activity has been reported for the product of DCS2 (32) . Both DCS genes are not essential. Thus, we were able to test the requirement for the corresponding factors in the conversion of m7GDP into m7GMP by analyzing the fate of radiolabeled m7GDP in extracts from deletion strains and isogenic wild-type controls (Fig. 3A) . m7GpppG was converted to product X in extracts from wild-type and ⌬dcs2 cells (Fig. 3A , lanes 3 and 4) but remained stable in a ⌬dcs1 cell extract (lane 5). Interestingly, m7GDP was also stabilized in extracts from ⌬dcs1 cells (lane 10), indicating that Dcs1p function is required for the conversion of m7GDP in yeast cell extracts. This effect is specific, because conversion of m7GDP to product X occurred efficiently in extracts prepared from isogenic and ⌬dcs2 cells (lanes 8 and 9). To test whether the Dcs1p and͞or the Dcs2p proteins affect the conversion of m7GMP to product X (see Fig.  2C ), radiolabeled m7GMP was also incubated in the three extracts (Fig. 3B) . In all cases, m7GMP was quantitatively converted to product X. Thus, we conclude that Dcs1p is required for the conversion of m7GDP and m7GpppG, but that neither Dcs1p nor Dcs2p is absolutely required for the conversion of m7GMP into product X. The results reported above suggest that Dcs1p might control the activity responsible for m7GDP conversion or that it may be directly responsible for catalyzing this reaction. To test the latter possibility, the Dcs1p coding sequence was cloned in a bacterial expression plasmid containing an N-terminal GST tag and a C-terminal His-6 tag (see Materials and Methods). In parallel, we cloned the human DcpS coding sequence in the same plasmid. Both proteins were expressed in Escherichia coli and subjected to two sequential purification steps on glutathione agarose and Ni-nitrilotriacetic acid affinity columns. This procedure allowed us to obtain highly pure proteins devoid of detectable contaminants ( Fig. 4A ; the human and yeast recombinant proteins comigrate as their molecular weights differ by only 2 kDa). These recombinant proteins were tested for their ability to hydrolyze m7GpppG cap and m7GDP (Fig. 4B) . Consistent with previous reports, both proteins efficiently converted m7GpppG to m7GMP, indicating that they were active (lanes 4 and 5). In addition, both proteins catalyzed the conversion of m7GDP into m7GMP, although only a fraction of the substrate was converted under these conditions (lanes 9 and 10). Complete conversion was observed with slightly higher protein amounts (150 ng) and increased reaction time (1 h) (Fig. 4C) . Purified GST-hDcp2-His-6 was used as a control; as expected, no activity was seen for this protein, ruling out the presence of contaminating activities (24) .
These results demonstrate that both yeast Dcs1p as well as human DcpS are sufficient to convert m7GDP to m7GMP. In yeast, m7GMP is further converted to product X. Further substantiating this conclusion, we observed that addition of recombinant Dcs1p to a ⌬dcs1 yeast extract fully restored its ability to convert m7GDP to product X (data not shown).
In summary, our results demonstrate that m7GDP, the product of hDcp2-mediated decapping, is rapidly converted to m7GMP by DcpS. Thus, DcpS can act in all known mRNA decay pathways involving either 5Ј-3Ј or 3Ј-5Ј degradation of the mRNA body to produce m7GMP (Fig. 5) .
Discussion
We recently identified recombinant hDcp2 as the human mRNA decapping enzyme that cleaves capped mRNAs to produce m7GDP and 5Ј-phosphorylated downstream RNA products (24) . By using a new RNA ligation-based assay, we have now established that decapping occurs in human cell extracts. In addition, we have observed shorter RNA degradation intermediates, consistent with 5Ј-3Ј exonucleolytic digestion of decapped RNA, even though we cannot fully exclude at this stage that they represent endonucleolytically cleaved species. A striking observation was that the second product of the decapping reaction, namely m7GDP, was not detected in human or yeast cell extracts. Our results demonstrate that the absence of m7GDP reflects its rapid conversion into m7GMP rather than a lack of formation. In any case, based on the appearance and downstream processing of both products of this reaction, our results demonstrate unequivocally that the 5Ј-3Ј mRNA decay pathway is active in human cell extracts. Previous studies based exclusively on the release of the nucleotide product generated by cap cleavage have given contradictory results. m7GDP formation was reported to occur exclusively in extracts supplemented with m7GpppG competitor and by using AU-Rich elementcontaining transcripts (33) . However, a later study reported that only m7GMP is formed in extracts, whereas neither the original results nor the effect of cap analog addition could be reproduced (26) . In the latter study, formation of a product comigrating with m7GDP was only observed when polysomal extracts or ribosomal salt washes were used. A complicating factor in this issue is the low resolving power of the TLC systems used in most studies. Indeed, the commonly used developing solution 0.45 M ammonium sulfate does not allow for a good separation of m7GDP and m7GMP and does not resolve m7GDP and free phosphate (24) , (34) . When this system is used, it is thus very difficult to distinguish hDcp2-mediated decapping activity (generating m7GDP) from DcpS-activity (generating m7GMP) and degradation by-products thereof (free phosphate). We recently introduced an improved TLC system (see Materials and Methods; ref. 24 ) that allows for a much better separation of the different reaction products. Bergman et al. (34) reported an alternative denaturing acrylamide gel-based assay that also allows a faithful resolution of the different reaction products. Clearly, the use of an optimal assay is essential to ensure reliable RNA degradation product identification. However, our results demonstrate that this issue is further complicated by the rapid and quantitative conversion of m7GDP in m7GMP in extracts. As a consequence, these molecules cannot serve as indicators of specific mRNA degradation pathways as previously thought. Indeed, m7GDP is not detectable, although the formation of m7GMP cannot be taken as a distinguishing feature of the 3Ј-5Ј pathway. Therefore, the exclusive presence of m7GMP does not indicate that the 3Ј-5Ј pathway is the only decay pathway active in extracts. In contrast, because we detect the only specific product of mRNA degradation by using a novel ligation assay, namely 5Ј-phosphorylated RNA, we conclude that the 5Ј-3Ј pathway is active in human cell extracts. The previous detection of decapped RNA isolated from mouse cells (9) also argues for the presence of such a pathway in mammalian cells. However, further work will be required to evaluate the relative contributions of both pathways to general mRNA degradation. Our new assay for decapping will be useful for this purpose.
We also demonstrate that human DcpS and its yeast homologue Dcs1p are responsible for catalyzing the conversion of m7GDP to m7GMP. These enzymes have thus at least two natural substrates, m7GpppG and m7GDP. Although m7GpppG may be a somewhat better substrate, extracts contain sufficient enzymatic activity to convert all of the m7GDP generated by decapping, because no m7GDP was detected. The absence of m7GDP is a particularly striking observation in the case of yeast because the decapping-dependent 5Ј-3Ј mRNA decay pathway predominates in these cells (1) . Interestingly, in yeast m7GMP 5) and m7GDP (lanes 6 -10) were incubated with buffer (lanes 2 and 7), GST-hDcp2-His-6 (lanes 3 and 8), GST-DcpS-His-6 (lanes 4 and 9), and GST-Dcs1-His-6 (lanes 5 and 10). In all cases, 50 ng of protein was used. The inputs of m7GpppG and m7GDP are shown in lanes 1 and 6, respectively. Reaction products were separated by TLC; migration positions of unlabeled standards are indicated on the right. (C) m7GDP was incubated with buffer, GST-hDcp2-His-6, GST-DcpSHis-6, and GST-Dcs1-His-6 as in B; here, 150 ng of protein was used instead of 50 ng, and the incubation time was extended to 1 h (Materials and Methods).
Fig. 5.
Model showing the pathway-independent formation of m7GMP. After deadenylation, a mRNA can be degraded 3Ј-5Ј by the exosome generating free m7GpppN. Alternatively, the mRNA can undergo decapping by hDcp2, generating m7GDP and a 5Ј-phosphorylated mRNA. RNAs degraded by the NSD and NMD pathways also generate m7GpppN and m7GDP, respectively. Both products are converted to m7GMP by DcpS. Thus, mRNA decay leads to the formation of m7GMP, irrespective of the pathway followed. formed by m7GDP hydrolysis is efficiently further transformed into an unidentified compound X. Additional experiments will be necessary to determine the exact nature of this product as well as to identify the factor(s) responsible for this reaction. The efficient conversion of m7GDP in m7GMP may serve several cellular functions. On one hand, m7GDP may need to be eliminated to prevent its incorporation into nucleic acids. Indeed, we and others (24, 29) have shown previously that m7GDP generated by decapping can be efficiently converted by nucleotide diphosphate kinase to m7GTP that would be a potential substrate for RNA polymerase (and several other enzymes). In theory, m7GDP could also be transformed into m7dGDP and m7dGTP that could be incorporated into the cellular DNA. However, these processes do not seem to have dramatic consequences in vivo because yeast strains lacking Dcs1 are viable (32) even though they are unable to convert m7GDP m7GMP in vitro (Fig. 3A) . On the other hand, the conversion of m7GDP to m7GMP generates a product common to all known mRNA degradation pathways (Fig. 5) . This unique by-product, or derivative(s) thereof, may thus serve as a cellular indicator to coordinate mRNA decay with other cellular processes. Further analysis will reveal whether this is indeed the case.
